Résumé.-Il est possible de construire des guides pour les rayons-y en employant la réflexion externe totale. La radiation incidente à un angle rasant plus petit que l'angle critique 8 ~ X(N e 2 /imi c 2 )
may be nearly completely reflected depending upon the surface quality and the absorption coefficient. Sample guides have been constructed from long small-diameter glass laboratory tubing of good straightness. Determination of the transmission vs. position, as a source was moved across a diameter, provided a technique that greatly helped adjustment of successive sections to colinearity. Observation of an unbroadened 57 Fe y-ray resonance between a source and absorber separated by such a y-ray guide demonstrated that the reflection process is essentially elastic. Computer calculations have analyzed the properties of guides of square crosssection which would be assembled from plates of float glass supported in a vacuum pipe. A large guide constructed in this way could facilitate an improved measurement of the gravitational red-shift. The proportionality to A 2 of the effective aperture of capture by a guide gives to it the properties of a low-pass filter. A bundle of small capillary tubing placed between a source and a detector resulted in a striking reduction in the intensity of high energy radiation reaching the detector relative to that of low energy. Use of lead glass reduced the direct penetration of the high energy y-rays through the glass and also increased the aperture for low energy by increasing the critical angles.
Some applications of Mossbauer's recoil-free resonant absorption suffer from the fact that the y-rays involved are difficult to guide, to deflect or to focus. A prime example where a guide would yield important benefits is the measurement of the energy shift caused by a gravitational potential difference /1-6/. For a vertical distance h between a source and absorber small compared to the earth's radius at its surface, the contribution to any frequency shift caused by gravity should be proportional to h. So long as the source strength and the detector aperture are limited by other factors, perhaps cost, there appears at first glance to be little advantage in designing an experiment that operates with h greater than sufficient to allow detection of the y-rays vithout overload. This is because, so long as the intensity of the radiation reaching the detecSupported in part by tor varies as h -2 , the statistical uncertainty in a measured frequency shift grows as the inverse square root of the intensity and, thus, also linearly with h. It is assumed that absorption over the path can be made unimportant by the use of either a vacuum chamber /3,6/ or a container for a gas like helium /4,5/ having low absorption at STP. n is less than one, and rays incident from a vacuum onto a plane surface nearer to grazing incidence than a critical angle 0 suffer "total external reflection". This reflection, in practice, is less than total because the index is complex, expressing the presence of absorption. Imperfect surfaces also result in losses of intensity in the reflected wave. The Drude-Lorentz theory predicts the index of refraction to be given by n = 1 -6, where 6 = ~e~~~/ 2 1 r r n c~, and N is the total number of essentially free electrons per unit volume, e is the charge on an electron, X is the wavelength, m the electronic mass, and c the velocity of light. Accordingly, the critical angle eCf3 (26) 'I2 which, for 6 keV photons, corresponds to 0 z 1.1 x 10-~p radians2 where p is the density in grams ~m -~. If 1~, is the X-ray absorption coefficient, Parratt 1151 showed that vA/4~6 = $/6 is a parameter useful for describing the reflection coefficient for a perfect surface. Figure 1 illustrates to within a few percent of the critical angle. Because the absorption coefficient is small, y-rays pass through obstructions and the effective surface is an average over some distance. In the averaging, the main effect of surface roughness is a fluctuation of the direction of the normal to the net effective surface. The ability to guide radiation through the pipe is degraded by the losses that occur when the angle fluctuates so as to cause some incidence angles to exceed 0 . Calculations and experimental data indicate 1181 that moderate surface roughness produces a reduction of the reflection coefficient vs. 8 very much like that which would result from an increase of 616.
2. Experimental Trials.-Our first trials were made with a piece of laboratory Pyrex tubing 120cm long and of 4mm bore. We utilized the 6 keV X-rays from an "~e source and soon found that great care was required to avoid bends that destroyed reflections by changing the angles of inciaence for successive reflections by more than 6 about 0.005 radians
for Pyrex glass. We were able to transmit 9 times as intense a beam through the helium filled tubing to a 4mm detector window as arrived there through helium without the tubing. An 11-fold enhancement would have been expected for the critical angle without absorption.
To simplify the problem of straightness a pair of glass tubes was hung vertically, connected in series. Some care was needed to obtain adequate alignment at the joint between the two. Counting rates from the ' ' e source, which covered an area across the entrance end, were recorded for each length as the pipe was broken off, a few centimeters at a time. The resulting data are shown in figure 3. Those that were 12cm in diameter showed angular deviations typically seven times larger, which would be prejudicial to good performance as a light pipe for 6 keV y-rays.
LENGTH OF PIPE (cml
A guide was constructed from the six best of the 9mm-bore tubes. They were cleaned successively with detergent, water, hydrogen peroxide, CP acetone, and distilled water and dried with flowing NP. One centimeter of length was cut from each end to eliminate the distortions in the fire-polished ends. Each length was strapped to a milled recess in an aluminium bar to ensure straightness and these were adjustably supported on a track of Dexion. The adjus? ment to align the several sections proved difficuit and; in che course of trying, it was-discovered . -: that the transmission of the pipe for off-centered sources could be utilized as an aid to alignm+k: sonance.
RELATIVE SOURCE POSITION (crn)
A f t e r t h e f i n a l alignment of t h e s i x s e c t i o n s , t h e transmission vs. t r a n s v e r s e p o s i t i o n was observed a s shown i n f i g u r e 5 , a s i t was shortened down t o a s i n g l e s e c t i o n . The transmission from t h e centered source taken fran t h e s e curves y i e l d s t h e p o i n t s p l o t t e d i n f i g u r e 6. t h e d a t a from t h e 4mm-bore tubing of f i g u r e 3 and i t seems probable t h a t s u r f a c e k o u g h n e s s accounts f o r t h e i n c r e a s e i n l o s s e s .
The r e f l e c t i o n s by t h e w a l l s of t h e pipe must be f u l l y e l a s t i c f o r it t o b e used i n ~g s s b a u e r re- To demonstrate t h a t t h e r e was n e g l i g i b l e energy l o s s on r e f l e c t i o n and t h a t t h e q u a l i t y of a resonance was not degraded, t h e resonant a b s o r p t i o n by an enr i c h e d 5 7~e absorber, i n t h e form of i r o n , of 5 7~e y-rays from a 5 7~o source i n i r o n was observed d ir e c t l y and w i t h t h e 7 meter long g l a s s tube i n t e rposed between source and absorber. Of course t h e 14.4 keV r a d i a t i o n was used w i t h t h e correspondingly s m a l l e r c r i t i c a l angle and number of r e f l e c t i o n s .
It was deduced t h a t 80% of t h e 14.4 keV r a d i a t i o n reaching t h e d e t e c t o r was r e f l e c t e d a t l e a s t once.
The source s t r e n g t h and t h e s o l i d a n g l e of c a p t u r e roc2 were s m a l l , s o t h e d a t a c o l l e c t i o n r a t e was
low. F i g u r e 7 reproduces d a t a accumulated w i t h a v e l o c i t y spectrometer f o r a f u l l c y c l e of sinusoidal motion of t h e source, showing t h e resonance f o r each d i r e c t i o n of a c c e l e r a t i o n of t h e source through zero v e l o c i t y . Analysis of t h e s e p a r a t i o n of t h e l i n e c e n t e r s f o r 17 r u n s , s i m i l a r t o t h a t shown, found t h a t any d i f f e r e n c e , compared t o a s i m i l a r measurement through a t h r e e meter p a t h i n a i r , s e t a n upper l i m i t t o any energy l o s s on r e f l e c t i o n of 1.4 x 10-15
The resonance l i n e s using t h e 7-meter p i p e were num e r i c a l l y s l i g h t l y n a r r o w e r , b u t t h e d i f f e r e n c e was
w i t h i n t h e s t a t i s t i c a l s t a n d a r d d e v i a t i o n s . The f r a c t i o n a l depth of t h e a b s o r p t i o n f o r t h e piped r a d i a t i o n was 0.36 compared t o 0.27 f o r t h e a i r path.
This probably r e s u l t s from a reduced background of 122 keV y-rays using t h e p i p e , which suggests anot h e r u s e f o r t h e pipes.
The transmission of t h e c i r c u l a r p i p e s f o r a
-small source o f f -c e n t e r , a s shown i n f i g u r e 5 espec i a l l y f o r t h e s h o r t l e n g t h s , r i s e s a s t h e source n e a r s t h e w a l l s . Float glass has been reported to be of good quality for image formation in X-ray telescopes using glancing incidence 1201 and it should be good for our purposes. Such a structure would be enclosed in a vacuum pipe to avoid bending of the glass plates which would result if they were required to support pressure differences. 3. Low-Pass f i l t e r s . -I n reporting,above, t h e t e s t s of t h e MEssbauer resonance i t was remarked t h a t the 122 keV background was r e l a t i v e l y reduced by t h e use of t h e y-ray l i g h t pipe. This points up t h e poss i b i l i t y of designing and using l i g h t pipes a s lowpass f i l t e r s t o allow g r e a t e r transmission of low energy r a d i a t i o n than of contaminating high energy.
Most absorbers tend t o a t t e n u a t e low energy photons more than they do high. Neutron guides have been used i n t h i s way t o s e l e c t long wave-length, o r cold, neutrons. I n s e v e r a l decay schemes u s e f u l f o r MGssbauer resonance t h e r e a r e very i n t e n s e y-rays o r X-rays of higher energy than t h e y-ray of i n t e r e s t .
For example, t h e 10 times more copious 122 keV y-ray of "~e and t h e X-rays near 50 keV and 8 keV t h a t a r e perhaps 100 times more numerous than t h e 6.25keV y-ray of ' "~a .
A t t h e end of a l i g h t pipe of length s u f f i c i e n t t o r e q u i r e a t l e a s t one r e f l e c t i o n of t h e r a d i a t i o n with t h e s h o r t e s t wavelength, t h e a p e r t u r e f o r capt u r e i s proportional t o A' and therefore higher energy r a d i a t i o n i s discriminated a g a i n s t by a fact o r (lo/A ,) 2. Reflection e f f i c i e n c y a t t h e higher energy might be more degraded by s u r f a c e roughness but t h a t e f f e c t i s o f f s e t by reduced p h o t o e l e c t r i c absorption.
F i l t e r s of t h i s kind unfortunately accept only a small s o l i d angle of even t h e lowest energy radiat i o n . I f t h e source i s l a r g e , a correspondingly l a r g e and t h e r e f o r e very long pipe might be required. An a l t e r n a t i v e i s t o use a bundle of p a r a l l e l small diameter tubes i n a c l o s e packed a r r a y o r small square passages between s e t s of i n t e r s e c t i n g f j l a t p l a t e s . I d e a l l y t h e walls should absorb t h e . r a d i a t i o n not r e f l e c t e d . Each a p e r t u r e serves a small a r e a of t h e source and t h e w a l l thickness and t h e i n t e r s t i c e s r e s u l t i n a furthey l o s s i n e f f iciency.
Experiments were c a r r i e d out with a bundle of Pyrex tubes 30cm long, 1.5mm o u t s i d e and 0 . h bore kept s t r a i g h t by i n s e r t i o n i n a l a r g e evacuated glass tube. The e f f e c t on t h e spectrum of 5 7~o of interpos i n g t h i s bundle between t h e source and an i n t r i n s i c germanium d e t e c t o r was studied. Records of t h e low energy p a r t of t h e s p e c t r a with and without t h e f i lt e r a r e shown i n f i g u r e 10. Fig. 10 : Comparison of t h e X-rays i n t h e 6 keV region and t h e 14.4 keV y-ray from 7~o i n copper a s observed by an i n t r i n s i c Ge d e t e c t o r d i r e c t l y and through a bundled Pyrex low-pass f i l t e r . The peak below 5 keV i s believed t o be an escape peali assoc i a t e d with t h e 14 keV y-ray and t h e r e f o r e i s reduced with i t .
The s p e c t r a a r e normalized t o equal counts a t 6 keV and t h e 14.4 peak i s reduced by t h e f i l t e r by a re- This f i l t e r did not suppress, r e l a t i v e l y , t h e 122 keV o r 136 keV y-rays because these were a b l e t o t r a v e r s e t h e g l a s s with l i t t l e absorption. To overcome t h a t we constructed a s i m i l a r f i l t e r using "lead" g l a s s (type 0120 Potash Soda Lead Glass, obtained from Houde Glass Co., Newark, N.J.). These tubes were 121cm long with o u t s i d e diameters 3.2mm and bores 1.75mm. Figure I 1 reproduces t h e p a r t s of t h e spectrum below 20 keV and between 120 and 140 keV observed through t h i s f i l t e r . I n t h e higher energy seqment t h e o r d i n a t e i s expanded 32-fold. A reduction of t h e r e l a t i v e i n t e n s i t y a t 14.4 keV compared t o t h a t a t 6 keV i s s i m i l a r t o t h e r e s u l t with pyrex^ tubes. The 122 keV and t h e 136 keV photons a r e cut by about 25 times t h e reduction of t h e 6 keV, a f a c t o r determined by t h e s o l i d angles sub-WITHOUT LIGHT-PIPE tended by t h e e x i t apertures. he 'tubes a r e too s h o r t t o cause reduction t o t h e c r i t i c a l angles f o r those energies. L i t t l e r a d i a t i o n t r a v e r s e s the l e a d g l a s s i t s e l f to the d e t e c t o r . Fig. 1 1 : The s p e c t r a from a 7~o-in-copper-source observed through a bundle of lead g l a s s c a p i l l a r y tubes. The o r d i n a t e f o r the 120-140 keV region i s expanded 32-fold. The transmission a t 122 keV i s determined from t h e s o l i d angles subtended by t h e e x i t apertures.
ENERGY (keV)
The e f f e c t i v e a p e r t u r e of these f i l t e r s f o r d i s t r ibuted sources can be increased by etching away t h e walls of the tubes i n a c i d t o allow more t o be packed i n t o t h e f i l t e r . Unfortunately, l i t t l e can be done t o increase t h e small s o l i d angles accepted although t h e higher density of lead g l a s s helps some. A good n i c k e l coating should b e b e t t e r .
A s i n g l e l i g h t pipe used as a low-pass f i l t e r from a small source can be f u r t h e r enhanced i n performance, o r tuned t o a p a r t i c u l a r y-ray, by use of a s t o p i n s i d e the bore. Such a stop can prevent a l l r a d i a t i o n from reaching the e x i t aperture. It i s so designed t h a t only rays s t r i k i n g t h e wall i n a small range of angles of incidence, can by r e f l e c t i o n , reach t h e f a r end. I n t h a t case, r a d i a t i o n f o r which the c r i t i c a l angle i s l e s s than t h a t range w i l l be cut o f f . The transmission e f f i c i e n c y a t energies below the cut-off w i l l be independent of energy.
The transmission of 6 keV X-rays through a long 18m i n s i d e diameter Pyrex tube equipped with a movable centered c y l i n d r i c a l b r a s s s t o p 8-i n diameter was studied. Data c o l l e c t e d from t h i s experiment i s reproduced i n f i g u r e 12. When near t h e source end, the s t o p blocks a l l r a d i a t i o n and begins t o allow r a d i a t i o n t o s t r i k e the w a l l and be r e f l e c t e d when i t i s moved s o f a r t h a t i t s radius divided by i t s d i s t a n c e from t h e source i s l e s s than Bc. The t r a n s mission continues t o r i s e as t h e distance i s increased and t h e rays a t smaller angles a r e l e t by b u t , suddenly, t h e most s t e e p l y f i r s t r e f l e c t e d rays run i n t o t h e s t o p , with a sudden decrease i n t h e transmission. A s i m i l a r second period begins as t h e s t o p continues t o move f u r t h e r down the pipe. One must take i n t o account t h e source diameter and synrmetry t o f i t the p a t t e r n i n d e t a i l . By appropriat e development and a n a l y s i s t h i s scheme could be used t o determine R(8) functions for the wall materials.
4. Conclusions.-Light pipes can be constructed t o enable the transmission of highly monochromatic 6 s s b a u e r y-rays over reasonable distances. Ordinary laboratory tubing serves s u r p r i z i n g w e l l b u t b e t t e r ducts, f o r diameters more than a centimeter o r s o , could be assembled from p l a t e s of f l o a t g l a s s suit a b l y coated with a f i l m of a metal such a s nickel o r copper f o r t h e 6 keV region. Light pipes c a n a l s o be used as low-pass f i l t e r s , f o r t h e p r e f e r e n t i a l transmission of t h e low energy components from a multicomponent source. It i s estimated t h a t the stat i s t i c a l uncertainty i n a measurement of t h e gravit a t i o n a l red-shift could be reduced t o l e s s than one i n 10' using a s u i t a b l y designed l i g h t pipe i n conjunction with a ' "~a source and absorber 121,
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